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Abstract 
Silicon nitride porous ceramics were prepared using a new method by combining in-situ forming and low-
temperature pressureless sintering in air, in which the Al(H2PO4)3 was used as the binder. The effects of the binder 
and curing agent content, as well as the temperature to the quality of the green body and setting time were 
investigated to establish the proper parameters of setting. The green body was sintered at low temperature (1000 − 
1300 ˚C) in air. Then we discussed the phase transition during the sintering process and the effects of different 
sintering temperatures on the microstructure. The results showed that at 50 ˚C, a green body with nearly zero 
shrinkage and high strength was obtained after 30 minutes of the slurry casted. At 1300 ˚C there was sufficient C-
AlPO4 binder phase transformed from Al (H2PO4)3 to bond with the Si3N4 grains, leading to a good adhesion between 
them. Porous Si3N4 ceramics with a porosity of 46 − 48 %, compressive strength of 30 − 50 MPa were ultimately 
obtained. 
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1. Introduction 
Silicon nitride (Si3N4) ceramics are mainly used as materials for radome and antenna windows because 
of their superior properties, such as high-temperature strength, good oxidation resistance, low thermal 
expansion coefficient and their excellent dielectric properties [1−3]. 
Nowadays, various processing techniques have been developed to prepare porous Si3N4 ceramics. The 
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wet-forming process is considered as the ideal technique for making complex-shaped ceramics, including 
DCC, gelcasting, slip casting, injection molding and pressure casting [4−8]. However, the methods with 
long forming times (hours) require an extra heat treatment to remove the agents, and it is generally 
difficult to eliminate the impurity of residual carbon. Phosphate bonding systems are of particular 
interests in the fields of dental cements [9] and refractories [10] as a kind of inorganic binders used at 
ambient temperatures [11]. Also the ceramic electromagnetic window comprising Si3N4 particles bonded 
together by the metal phosphate was fabricated [12], which provided new ceramic materials possessing 
the desired physical properties and they also could overcome some of limitations of other forming 
techniques. 
As a highly covalently bonded synthetic material, Si3N4 is difficult to densify without a sintering 
additive. Usually, metal oxides (Y2O3+Al2O3 [13], Er2O3 [14], Yb2O3 [15]) additives are required to get 
dense Si3N4 ceramics through liquid-phase sintering. However, the sintering temperature is still high, and 
the shaping process to produce the desired parts has been costly. Also it needs to be protected from 
oxidation by using inert gas. In order to obtain Si3N4 ceramics at low temperature in air, low temperature 
liquid phases, such as SiP2O7 [16], MgO-Al2O3-SiO2 system [17], SiO2 [18], borophosphosilicate (SiO2-
B2O3-P2O5) [19], etc., are used. 
In this paper, we focused on the preparation of α-Si3N4 porous ceramics with controlled porosity by 
using Al(H2PO4)3 as a binder, which combined in-situ forming and low-temperature pressureless sintering 
in air. Emphasis was placed mainly on the influence of different forming parameters to the setting process. 
The microstructure and phase evolution during sintering in air were also investigated.
2. Experimental procedure 
Silicon nitride ceramics were prepared using aluminium dihydrogen phosphate Al(H2PO4)3 (Beijing 
Chemical Works) as the binder and MgO (Beijing Chemical Works) as the curing agent. Silicon nitride 
powder of alpha phase, 10 m2g-1 surface area and particle size 0.3 μm (Beijing material artificial crystal 
Co., LTD) was used in this study. 
The raw materials were dried and ball-milled as the preprocessing, and then mixed in different content 
ratio with silica sol to produce homogeneous slurry. After injecting the slurry into molds, the complex 
shaped green bodies were formed by being placed at various temperatures for different time. The 
specimens were firstly heated at 250 ˚C in air and holding for 2h in a furnace to turn the aluminium 
dihydrogen phosphate into amorphous phase bonded Si3N4 grains and form the Si3N4 porous structure. 
Then the specimens were sintered at 1000−1300 ˚C in air, with a heating rate of 5 ˚C /min. 
After sintering, the open porosity of the sintered products was measured according to Archimedes 
displacement method using distilled water. The phase compositions were analyzed by X-ray diffraction 
(XRD), and the microstructure of the fractured surface was observed by scanning electron microscopy 
(SEM). SEM investigation was performed using Apollo-300 microscope operating at 20 kV. The 
specimens were machined into test bars with dimensions of 3 mm×4 mm×6 mm before a compressive 
strength test was conducted at a loading rate of 0.5 mm/min on a universal testing machine. Before the 
testing, all surfaces of the test bars were polished and the edges were beveled. Each strength value was 
averaged over three measurements. 
3. Results and discussion 
3.1. Effects of the binder and curing agent content on the setting process 
The reaction between the binder (Al(H2PO4)3) and the curing agent (MgO) is an acid-base, exothermic 
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reaction leading to an insoluble products which are crystalline newberyite, MgHPO4·3H2O. The binder 
phase between Si3N4 particles realizes the formation in situ of smooth surface and moderate strength. It 
might seem to consider that the reaction occurring can be represented by the equation [20] 
OnHAlPOO3H2MgHPO)POAl(HMgO2 2424
OH
342
2  

                    (1) 
The setting time means the time which the slurry costs to reach moderate strength to remove from the 
mold and retain its original shape. A suitable setting time can not only contribute to the homogeneity of 
slurry during filling process but also the quality of green bodies. Through adjusting the P/Mg molar ratio 
(P: Al (H2PO4)3/Mg: MgO), the controlled setting process can be realized. 
 
Fig.1. Effects of P/Mg molar ratio on the setting time 
As shown in Fig.1, with the P/Mg molar ratio decreases, the slurry sets faster, this is in favor of the 
improvement of productivity. The evolution of heat also becomes larger with the P/Mg molar ratio 
decrease. We also find that the setting time of less than 10 minutes results in the inhomogeneity of green 
body and the cracks caused by residual bubbles. However, the Fig.1 suggests that the setting time 
approaches infinity in case of the P/Mg molar ratio of more than 1.6. Hence the most optimal P/Mg molar 
ratio for the reaction is about 1.6, of which the green bodies with high-gloss, available strength and zero 
shrinkage are prepared, and the setting time is within 15 min. 
3.2. Effects of setting temperature on the setting process 
Al (H2PO4)3 is a kind of thermosetting material whose cementation mechanism belongs to 
condensation polymerization. When heated, it decomposes, dehydrates and condenses, so the increase of 
setting temperature can improve the reaction process. Figs.2 and 3 show the change of pH values and 
viscosity of slurry during the setting process at different temperatures with time. It can be found that the 
pH values increases first, and then decreases with the heat releases. The reaction between the hydro-
soluble H2PO4— and MgO generates hydro-insoluble crystalloid MgHPO4·3H2O as shown in Equation 1. 
This is the reason for the temporary increase of pH values.  
The slurry belongs to Newtonian fluid in this range with good liquidity and the viscosity less than 1 
Pa·s is suitable for casting. 
For example, the pH value changes greatly in the previous 15 min during the setting process at 51 ˚C, 
in which period, the viscosity keeps between 0.58 and 1.25 Pa·s that can ensure the homogeneity of 
casting. With the setting time increasing, the viscosity accumulates rapidly because of newberyite 
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forming in hydration reaction to form the green body.  
Besides, Fig.3 also shows the higher setting temperature can make the acute change of viscosity 
happens previously, which accelerate the setting process. Hence the optimal setting temperature is 50 ˚C 
which can not only ensure the enough time of casting, but also accelerate the setting rate.  
       
Fig.2. pH values as a function of setting time for the slurry 
with different temperatures 
Fig.3.Viscosity as a function of setting time for the slurry 
with different temperatures 
3.3. Microstructure and phase analysis of the AlPO4 bonded Si3N4 porous ceramics during sintering  
Fig.4 shows the XRD patterns of the raw powder and Si3N4 ceramics fabricated at 1000 and 1300 ˚C, 
respectively, for 2h. Be different with the Si3N4 raw powders, it appears SiO2 and AlPO4 phases as the 
main crystalline after the specimens being sintered above 1000 ˚C. The appearance of SiO2 is attributed to 
the addition of silica sol and the oxidation of Si3N4 powders in air. SiO2 can be used as a sintering 
additive surrounding the Si3N4 grains in the form of liquid phase that makes it easy to bond the Si3N4 
grains together and also prevents the further oxidation at high temperature. Combined with Fig.5, 
Al(H2PO4)3 powder turns into amorphous phase at 250 ˚C, then a phase transition occurs at 500 ˚C with 
Al(PO3)3 formed, finally the C-AlPO4 which is the effective binder phase generates at 1200 ˚C. The 
contents of binder phases gradually increase with the increasing temperature. 
 
Fig.4. X-ray diffraction patterns for Si3N4 raw powders and sintered phosphate bonded Si3N4 ceramics at various temperatures 
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Fig.5. SEM images of phosphate bonded Si3N4 ceramics sintered at: (a) 1000 ˚C; (b) 1300 ˚C 
Fig.5 shows the microstructure of Si3N4 ceramics sintered at different temperatures. The SEM 
micrographs indicate that both glass and sintering temperature have great effects on the microstructure of 
the porous Si3N4. With the temperature increasing from 1000 ˚C to 1300 ˚C, the microstructure 
transformed from amorphous loose structure to the obvious sintered structure. At 1000 ˚C (as shown in 
Fig.5a), only a few of the powders were bonded by Al(PO3)3, the others are still in a loose state. The 
structure proves no grain growth has occurred at low temperature and the AlPO4 bonded Si3N4 porous 
bodies are not sintered. Because the oxidation rate of Si3N4 increased as the temperature rise from 1000 to 
1300 ˚C(as shown in Fig.5b), Si3N4 particles might be bonded strongly by more oxidation-derived SiO2 
which will melt with AlPO4 transformed from Al(PO3)3. There is an obvious binder phase between Si3N4 
powders, which surrounds and binds Si3N4 particles effectively, making Si3N4 with a sintered porous 
structure. 
On the other hand, the pores are mainly formed by stacking Si3N4 particles, which also as the releasing 
channel of air during the oxidation of Si3N4 particles. And they can also formed by the P2O5 gas coming 
from Al(H2PO4)3 heated at high temperature. From the figures, we can find that the specimens have an 
average pore dimension, the pore diameter is between 1−2 μm. Fig.6 shows the compressive strength and 
porosity of the sintered Si3N4 porous ceramic with different temperature. 
 
Fig.6. The compressive strength and porosity of the sintered Si3N4 porous ceramic with different temperature 
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As can be seen, when the sintering temperature of the ceramic increased from 1000 ˚C to 1300 ˚C, the 
compressive strength increased from 26.4 to 50.7 MPa with the porosity decreased from 48.42% to 46.88%. 
Porous silicon nitride ceramics sintered in air with high porosity and compressive strength are obtained.  
4. Conclusions 
In this work, we prepared Si3N4 ceramics with the method of in situ forming in which the Al (H2PO4)3 
is used as the binder. We sintered the green body in air and finally obtained the porous silicon nitride 
ceramics with porosity between 46%−48%.  
We also found some rules as follows: 
1. Si3N4 ceramics can be prepared by using phosphate through the in situ forming and the low-
temperature pressureless sintering in air. This provides a valuable method for energy-saving 
preparation and also overcomes extra heat treatment to remove the agents, and difficulty to 
eliminate the impurity of residual carbon. 
2. The setting process of slurry is related to the P/Mg molar ratio and the setting temperature. On the 
basis of comprehensive comparison, the optimal parameters with the molar ratio of 1.6 and the 
curing temperature of 50 ˚C are chosen. The green body with good surface gloss, no defect and high 
strength is obtained. 
3. AlPO4 is the main binder phase after the sintering. The increase of sintering temperature makes the 
Si3N4 particles surrounded and bonded strongly. All of these make the aim of low-temperature 
preparation achieved. 
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